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Abstract: Hydrothermal carbonization (HTC) is a promising technology to convert wet wastes like
septic tank wastes, or septage, to valuable platform chemical, fuels, and materials. However, the
byproduct of HTC, process liquid, often contains large amount of nitrogen species (up to 2 g/L of
nitrogen), phosphorus, and a variety of organic carbon containing compounds. Therefore, the HTC
process liquid is not often treated at wastewater treatment plant. In this study, HTC process liquid
was treated with algae as an alternative to commercial wastewater treatment. The HTC process liquid
was first diluted and then used to grow Chlorella sp. over a short period of time (15 days). It was found
that the algae biomass concentration increased by 644 mg/L over the course of 10 days, and which
subsequently removed a majority of the nutrients in the HTC process liquid. Around 600 mg/L of algal
biomass was collected in the process liquid at the end of treatment (day 15). Meanwhile, chemical
oxygen demand (COD), total phosphorous, total Kheldjal nitrogen, and ammonia were reduced
by 70.0, 77.7, 82.2, and 99.0% by fifteen days compared to the untreated wastewater, respectively.
This study demonstrates that HTC process liquid can be treated by growing algae creating a potential
replacement for expensive synthetic nutrient feeds for algal production.
Keywords: hydrothermal treatment; Chlorella sp.; wastewater remediation; septage; algae;
nitrogen removal

1. Introduction
Hydrothermal carbonization (HTC) is a wet treatment process conducted at 160–260 ◦ C and
at autogenous pressures. It is commonly used to produce high value solid products (e.g., fuels,
fertilizers, materials, etc.) from wet wastes such as lignocellulosic biomass, human and animal wastes,
etc. [1–3]. HTC is an attractive choice for these wet wastes as it does not require cost intensive drying
prior to the treatment unlike pyrolysis, gasification, and combustion. Our recent research on HTC of
septic tank wastes known as septage, as well as other’s studies on sewage wastes and manures, have
shown concentration of phosphorus in hydrochar (carbon rich solids that are produced during HTC of
biomass) solids and control of the nitrogen distribution (as protein fragments, nitrates, and ammonia),
which are favorable for hydrochar as solid fertilizer [4–6]. However, one detrimental result of this HTC
processing is a nutrient laden process liquid that must be remediated.
Previous research has investigated using anaerobic digestion (AD) or wet air oxidation (WAO) of
wastes to remediate the nutrients (or, pollutants) from the wastewater [7,8]. AD has been shown to
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reduce the phosphorus contained in hydrothermal wastes by almost 50%, but requires a treatment
time of up to 12 weeks [9]. WAO can reduce the amount of oxidizable carbon in the liquid but
does not adequately reduce the amount of ammonia in the liquid [8]. Using existing wastewater
treatment options to handle septic tank wastes would be expensive (with disposal costs potentially
exceeding $1000 USD/dry ton) and counterproductive to the environmentally beneficial use of wastes.
Therefore, this work was undertaken to investigate alternative options for hydrothermal process
liquid remediation.
One possible solution to the process water remediation problem is the integration of an algal
growth process using the liquid from the hydrothermal treatment. Decades of previous research
have been completed on microalgae scale-up and industrial applications. However, the field still
requires key breakthroughs to achieve economical application. Generally, the greatest challenge
facing industrial scale use is the successful combination of key principles of engineering, biology and
biochemistry [10]. Among these, the supply and management of nutrients in the growth media is
a key issue. As microalgae metabolize nitrogen, they favor the uptake of the most reduced form,
ammonium [11–13]. In practical applications, this leads to an acidification of the medium and culture
crash. Balancing nitrogen species and supplying phosphorous is not only a biological challenge, it is
very costly.
Economic barriers must be overcome in order to implement industrial microalgae systems. The use
of synthetic nutrients makes microalgae aquaculture too expensive for large-scale viability. Previous
research efforts unique to hydrothermal processes has included the recycling of algal hydrothermal
wastes into algae feed streams, however this still requires a feed stream of nutrients to sustain
growth [14]. The expense of nutrient feedstocks has motivated researchers to explore the integration of
cheaper nutrient streams such as from wastewater [15]. Using wastewater as a nutrient source for
micro algal cultivation decreased the overall algal production cost by 30% and by 44% when algae
was cultured in raceway ponds and thin layer cascade reactors respectively [16]. However, utilizing
wastewater as a microalgae nutrient stream has its own drawbacks—one such challenge in nutrient
purity and control [11,17].
The hydrothermal processing of septage wastes has been shown to produce process liquid
with high amounts of nitrate and ammonia (nearly 2 g Nitrogen/L), with the ratio of the two being
controllable through treatment temperature [4]. Additionally, this process liquid has other nutrients
that are attractive for algal growth, such as phosphorous and multiple micronutrients [4]. This study
looked at utilizing algae to remediate process liquid from the hydrothermal treatment of septage, and
to evaluate the process liquid as an alternative to synthetic algal growth media.
2. Materials and Methods
2.1. Septage Feedstock Preparation
Septage feedstocks were sampled from a local septic tank in Athens, OH. These samples were
then treated hydrothermally at temperatures ranging from 180–220 ◦ C and for residence times of
30–120 min. Complete details on sample characterization and treatment methodology can be found
elsewhere [4]. The samples chosen for remediation via algal treatment for this specific study, after
dilution by a factor of ~10 with deionized (DI) water, had approximate values of total nitrogen (TN)
content of 48 ± 1 mg/L, total phosphorus (TP) content of 1.1 ± 0.1 mg/L, and COD of 720 ± 10 mg O2 /L.
2.2. Algae Sepcies Identification
The culture used was identified using DNA sequence data of the internal transcribed spacers
(ITS 1 & 2) of the ribosomal operon. A portion of the culture was placed in a 1.5 µL tube and
centrifuged to remove water. Cells were disrupted using a Tissuelyser LT (Qiagen Inc., Valencia, CA,
USA). DNA was extracted using NucleoSpin Plant II DNA kit (Macherey-Nagel, Düren, Germany)
according to the manufacturer’s protocol. A polymerase chain reaction (PCR) was conducted using
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an Applied Biosystems 2720 Thermocycler (Applied Biosystems, Foster City, CA) and IllustraTM
PuReTaq Ready to Go PCR Beads (GE Healthcare, Piscataway, New Jersey, USA) with 19 µL dH2O,
2 µL of each primer and 2 µL template DNA. Primers (360FE 5’-CGGAGARGGMGCMTGAGA-3’ and
26R-1 5’-GTTAGTTTCTTTTCCTCCTCCGC-3’) were used to amplify a region of the ribosomal operon
18S rDNA-ITS1-5.8S rDNA- ITS2-26S rDNA. The thermocycler conditions were as follows: An initial
denaturing at 95 ◦ C for 1:00, followed by 35 cycles of 93 ◦ C for 0:30, 50 ◦ C for 0:30, and 72 ◦ C for 1:00.
The PCR products were purified using the UltraCleanTM PCR Clean-up DNA purification kit (Mo Bio,
Carlsbad, CA, USA) and sequenced with the 26R primer at the Ohio University Genomics Facility. DNA
fragment was visualized with SequencherTM version 5.2.4 (GeneCodes Corp, Ann Arbor, MI, USA)
and the final sequence was submitted to GenBank (MN082368). The region was BLAST™ searched on
GenBank and the closest matches were KJ676124 and KJ676125 with 98.06% identity. These sequences
were from two UTEX cultures (UTEX2168 and UTEX2248) of Chlorella sp. Although UTEX2168 has
the designation of Scenedesmus sp. on GenBank, the UTEX website confirmed it as Chlorella sp. [18].
Therefore, the culture was designated Chlorella sp.
2.3. Algae Growth and Sampling
Microalgae Chlorella sp. was obtained from a bioreactor at the Institute for Sustainable Energy and
Environment (ISEE) at Ohio University. To introduce the algae to the HTC septage liquid, the treated
septage media was diluted to a uniform concentration of nutrients, with exact values being shown in
Table 1. The algae were sampled from the bioreactor and washed with DI water. This washing was done
to prevent the nutrients in the bioreactor from influencing the experimental set up. DI water was then
used to remove the algae from the filter. A 40 mL solution of washed algae was transferred to a 1 L flask
which contained 400 mL of the treated septage media. The flask was put on a shaker and the speed was
adjusted to 160 rpm. Blue light was used as a light source throughout the experiment, as it promotes
growth better than red or green light, with a 14:10 light: Dark cycle and a photosynthetic active
radiation (PAR) of 108.422 µmol/m2 /s measured by a Stellar Net IR Black-Comet spectrometer [19].
Compressed air was bubbled into the media at 3 psig (10mL/sec at 20–25 ◦ C). The biomass concentration
was estimated by measuring optical density at 750 nm as stated by Melinda J. Griffiths et al. using a
HACH DR 6000 spectrophotometer [20]. A correlation was established between biomass concentration
as total suspended solids (TSS) and the optical density at 750 nm (OD750 ) as shown in Equation (1).
The coefficient of 1482.3 is the slope of biomass compared to absorbance at λ(nm) = 750. The total
suspended solids (TSS) were measured according to APHA Standard Methods for the Examination of
Water and Wastewater (method 2540 D) [21].
 mg 
biomass concentration
= 1482.3 × OD750
(1)
l
Table 1. Change in Nutrient Concentration During Algal Remediation; Nutrient removal occurs mainly
during the first few days, with growth occurring after day 5. ‘-‘ denotes below detection limit.
Day

Biomass
(mg/L)

Total N
(mg/L)

TKN
(mg/L)

NO3 -N
(mg/L)

NH3 -N
(mg/L)

COD
(mg/L)

Total P
(mg/L)

0
5
10
15

195.7
644.3
602.8

48.0 ± 0.3
16.8 ± 2.1
11.8 ± 2.7
9.1 ± 2.5

38.7 ± 1.7
11.6 ± 1.9
9.5 ± 2.6
6.9 ± 2.4

9.3 ± 1.3
5.2 ± 0.2
1.7 ± 0.2
1.2 ± 0.1

14.5 ± 3.2
0.23 ± 0.03
0.24 ± 0.11
0.13 ± 0.03

716 ± 4
320 ± 20
340 ± 60
230 ± 80

1.05 ± 0.13
0.31 ± 0.02
0.18 ± 0.08
0.24 ± 0.17

2.4. Raw and Remediated Process Water and Algal Sample Characterization
A Hach DR6000 UV/VIS spectrometer was used for the determination of chemical oxygen
demand (COD), total Kjeldahl nitrogen (TKN), total nitrogen, nitrate, and ammonia in liquid samples.
Test kits 827, 830, 835, 844 and 823, all of the Hach-TNT product line, were used to measure total
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nitrogen, ammonia, nitrate, phosphorous, and COD, respectively. All samples were filtered through
a 0.2 micron filter before analysis. An inductively coupled plasma-optical emission spectroscopy
(ICP-OES from Thermo Scientific iCAP 6000 series) was used to determine phosphorous concentration.
Ultimate analysis of the solid products was performed using a Thermo Scientific CHNS (Flash-2000
model) with BBOT (2,2’-(2,5-Thienediyl)bis [5-(2-methyl-2-propanyl)-1,3-benzoxazole]) standards.
Additionally, control experiments were conducted to ensure that any change in concentrations were not
a result of evaporation. This was done by completing the full experimental procedure without adding
algae to the initial septage wastewater sample. It was confirmed that all changes in concentrations
were due to the algae growth, and not the bubbling of the air through the process water.
3. Results and Discussion
Chlorella sp. was selected for treatment of the process water samples due to its ability to quickly
use the nutrients found in the hydrothermal process liquid [14]. The algae were allowed to grow for
15 days in the HTC process liquid, just beyond the point where the growth peaks and begins to decline.
This duration ensures that the algae have fully utilized the available nutrients. A shorter duration
would result in unutilized nutrients, while a longer duration would cause death of the algae and this
would increase the COD of the wastewater. Note that the initial HTC liquid samples were diluted to
avoid limiting the growth of the algae due to the high levels of salts found in the original sample [4].
Figure 1 shows the growth curve of the algae trials (on the primary axis) and the normalized values
concentration
(Normalized concentraiton = initial
concentration ) for COD, total nitrogen, TKN, ammonia, nitrate, organic
nitrogen and phosphorus content on the secondary axis. Table 1 shows these values as well in mg/L.
As seen in Figure 1, after the addition of the algae sample to the process liquid, there is a short
period of acclimatization with no significant growth, but there is significant nutrient uptake. This delay
of growth during nutrient uptake has been observed by Xin et al. as well during the removal of
nitrate and phosphate from model wastewater using other micro algae (Scenedesmus sp. LX1) [22].
This could be due to the algae focusing on nutrient uptake compared to growth processes. There is
very little additional growth after day 10, with biomass concentrations peaking around day 12 and 13
at 670 mg/L. The slight decrease that occurs on day 11 may be due to the metabolic processes of the
algae shifting to accommodate the decreased nutrients. The biomass concentration begins to decline
after day 13, suggesting inadequate nutrients to sustain the algae. These biomass yields are about
half the maximum observed for Chlorella species in other wastewaters which had 3–5 times as much
total nitrogen and 100 times as much phosphorous with similar removal efficiencies of 80% [23–25].
Though the biomass concentration is lower, the nutrient utilization (biomass grown/mass of nutrients
consumed) is much higher. This could be due to the algae in nutrient-rich environment prioritizing
growth of algae over nutrient uptake, while algae in nutrient deficient environments prioritize nutrient
uptake before the growth of algae.

Sustainability 2019, 11, 3454

5 of 8

Sustainability 2019, 11, x FOR PEER REVIEW

5 of 8

1

800

0.8
600

Biomass Yield (mg/L)

0.7
500

0.6
0.5

400

0.4

300

0.3

Normalized Concentration of Nutreitns

0.9

700

200
0.2
100

0.1
0

0
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Growth Time (Days)
Biomass Concentration (mg/L)
Total P (Normalized)
TKN (Normalized)
Organic Nitrogen (Normalized)

Total N (Normalized)
Ammonia (Normalized)
COD (Normalized)

Figure 1. Algae Growth and Water Remediation; growth is shown to be slowed during the
Figure
1. Algae Growth and Water Remediation; growth is shown to be slowed during the
acclimatization period (days 0–5), while nutrient uptake occurs primarily during these days.
acclimatization period (days 0–5), while nutrient uptake occurs primarily during these days.

The corresponding normalized concentrations curves show that during the acclimatization
The corresponding normalized concentrations curves show that during the acclimatization period
period the algae take in a large amount of the available nutrients. By the time the algae concentration
the
algae take in a large amount of the available nutrients. By the time the algae concentration has
has reached 200 mg/L (day 5 for all trials), 80% of the total consumed nutrients (at day 15) have
reached
(dayfrom
5 forthe
all process
trials), 80%
of This
the total
consumed
(at day
15)listed
have already
already 200
beenmg/L
removed
liquid.
corresponds
to a nutrients
50% reduction
in all
been
removed
from
the
process
liquid.
This
corresponds
to
a
50%
reduction
in
all
listed
concentrations.
concentrations. This rate of remediation is greater for ammonia. By day 5 over 98% of the available
This
rate ofhas
remediation
is greater
ammonia.
5 overas98%
of the remaining.
available ammonia
has
ammonia
been consumed,
withfor
only
0.23 mg/LByofday
nitrogen
ammonia
This
preferential
uptake
of ammonia
nitrate consumption
previouslyThis
detailed
by Kim etuptake of
been
consumed,
with
only 0.23compared
mg/L of to
nitrogen
as ammoniawas
remaining.
preferential
al. [26]. compared to nitrate consumption was previously detailed by Kim et al. [26].
ammonia
The Chlorella
reduced
the total
content incontent
the HTCin
liquid
± 0.3 from
to 11.848.0
± 2.7 ± 0.3 to
The
Chlorellasp.sp.
reduced
thenitrogen
total nitrogen
the from
HTC48.0
liquid
mg/L by day 10. The overall removal of total nitrogen is higher in this HTC process liquid compare
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explanation for this increase is the metabolic processes of the algae reducing CO2 as they progress
through the available nutrients and grow [26]. The decline in COD on day 15 may also be due to the
slight decline of the biomass concentrations shown in Figure 1. Algae death and metabolic changes
can both excrete additional organic compounds into the solution, resulting in an increase in COD.
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Li et al. [24] proposed that resource competition with bacteria may result in such observations as
well. Though the hydrothermal processing itself would be expected to kill all bacteria found in the
septage, the experimental methodology was not completed in such a way that would totally prevent
possible contamination by external bacteria not present in the initial algae sample [28]. This may have
resulted in increased competition from bacteria for resources, causing the lower growth compared
to other studies of Chlorella [23,24]. Overall COD removal observed was lower than that observed in
other wastewaters treated with Chlorella sp., possibly due to the high organic carbon content present
in hydrothermal process water [1]. This level of COD reduction was also lower than other treatment
options such as aerobic membrane bioreactors [29].
In additional to the liquid sample characterizations, the solid analyses of the dried algae were
performed to show how the organic and nutrient matters from HTC process liquids are being
utilized. The harvested algae sample had a solid nitrogen content of 2.07 ± 0.27 and carbon content
of 39.3 ± 0.8 mass% (dry basis). This carbon removal only accounts for 10% of the reduction in COD.
The carbon content is directly comparable to other Chlorella species grown under similar conditions.
However, the nitrogen content is far lower than those grown under excess nutrients (which can exceed
5% nitrogen on a dry basis), which is expected of this feedstock, as the nutrient concentrations were
significantly lowered throughout the experimental process [22,30]. This indicates that while nitrogen
(as either nitrate or ammonia) may be the limiting nutrient, it is not so sparse as to completely halt
growth. The initial uptake of all nitrogen species observed in the first few days may also be a factor in
limiting the accessibility of nitrogen to nth generation algae.
4. Conclusions
This study has demonstrated that algal remediation of hydrothermal process water is effective
at reducing the nutrient content of the HTC process liquid. When evaluating this method for the
remediation of hydrothermal process liquid, 5 days of treatment may be sufficient for drastically
reducing the cost of subsequent wastewater treatment if the algae can be removed by either filtration or
centrifuge. Future studies may focus on adjusting HTC process conditions to optimize ammonia/TKN
content for fast growth, and nitrate for sustained growth. Previous works have already demonstrated
that this adjustment can be a simple as changing the treatment temperature from 180 to 260 ◦ C [4].
Further optimization of both wastewater remediation and algal growth can be investigated by examining
acclimatizing algal populations in process water with high ammonia content, and then transferring
mature algal populations into process wastes with low ammonia and high nitrate concentrations.
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